We investigate thermal photon emission rates in hot hadronic matter from a system consisting of π, ρ, and ω mesons. The rates are calculated using both relativistic kinetic theory with Born diagrams as well as thermal field theory at the two-loop level. This enables us to cross-check our calculations and to manage a pole contribution that arises in the Born approximation corresponding to the ω → π 0 γ radiative decay. After implementing hadronic form factors to account for finite-size corrections, we find that the resulting photo-emission rates are comparable to existing results from πρ → πγ processes in the energy regime of 1-3 GeV. We expect that our new sources will provide a non-negligible contribution to the total hadronic rates, thereby enhancing calculated thermal photon spectra from heavy-ion collisions, which could improve the description of current direct-photon data from experiment.
I. INTRODUCTION
One of the goals at the forefront of nuclear physics is to understand the phase diagram of strongly interacting matter [1, 2] . At sufficiently high temperatures, hadronic matter undergoes a transition from colorneutral particles to a quark-gluon plasma (QGP) with deconfined color charge. As this transition is believed to be a crossover, the properties of hadronic matter are expected to change continuously as temperatures approach the pseudo-critical one, T pc ≈ 160 MeV [3, 4] . The phases of QCD matter can be explored in ultrarelativistic heavy-ion collisions (URHICs) where a fireball of high-temperature strongly-interacting matter is created. This matter rapidly cools and ultimately decouples into confined particles which are then detected. Hadronic probes of the medium undergo strong rescattering and alterations while traversing the fireball thus losing direct information about the properties of the hot and dense phases of the evolution. Electromagnetic (EM) probes (photons and dileptons), on the other hand, are emitted throughout the evolution of the fireball, escaping relatively unaltered since their mean free path is much longer than the size of the fireball. They thus encode information on properties of the fireball which are not easily accessible otherwise, e.g., on its interior temperatures, the total space-time volume, and evolution history of its collective properties (see, e.g., the reviews in Refs. [5] [6] [7] for further information on the role of EM probes in URHICs).
Theoretical models of EM probes in URHICs relate dilepton and photon spectra to the properties of the emitting medium. The calculated emission spectra of dileptons [5, 8] agree well with experimental measurements thus far [9] [10] [11] , while similar calculations of the photon spectra [12] indicate potential discrepancies with recent measurements of direct photons [13] [14] [15] [16] [17] . This discrepancy concerns both the spectral yields and the photon elliptic flow (v 2 ).
Much theoretical effort has gone into addressing this putative "puzzle" [12, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The tentative conclusion of most of these approaches is that there are currently unaccounted-for thermal photon sources from the strongly-interacting medium. The difficulty in the problem and the diversity in possible solutions comes from identifying these new sources. For example, additional sources from a hot QGP, which contribute early in the evolution, are disfavored as they carry a small v 2 (the fireball needs a time of the order of the nuclear size, τ FB ∼ R A , to build up the momentum anisotropy) and too hard of a spectral slope. This leads one to consider sources which contribute later in the fireball evolution as prime candidates for generating the necessary v 2 [12, 22, 24, 26] .
The present paper aims at identifying such sources by investigating novel sources of photon production from hot hadronic matter, and in this way contribute to a more complete characterization of the electromagnetic emissivity of QCD matter in a regime of moderate temperatures. Specifically, we will explore photon emission rates from a thermally equilibrated system composed of π, ρ, and ω mesons, and put their relevance into context with existing rate calculations (alternatively our calculated scattering matrix elements can be used in transport simulations where the momentum distributions are not necessarily thermal). The coupling strength of the πρω vertex, which is pivotal to our analysis, is known to be large [29, 30] . It was instrumental in identifying the ω t-channel exchange in the πρ → πγ process as an important contributor to the photon emissivity of a hot meson gas [31] (and, in fact, to the ω → π 0 γ decay [32] ). Thus, a more systematic analysis of pertinent processes, including the ω meson as an external particle (incoming or outgoing), is warranted. Since the ω is not a stable particle under strong interactions (it can decay into πρ or 3π), some care has to be taken when evaluating pertinent scattering diagrams. To ensure that this is done correctly, we calculate the emission rates using both kinetic theory and thermal field theory techniques to identify potential issues and cross-check the results.
The remainder of this paper is organized as follows. In Sec. II, we briefly recapitulate two methods for calculating thermal photon production in the context of the πρω system, including the specification of the interaction Lagrangians. In Sec. III, we calculate photo-emission rates using kinetic theory (KT) with Born scattering amplitudes. In Sec. IV, we use thermal field theory (TFT) to compute two-loop diagrams of the photon self-energy to both check the KT results and address some intricacies in the kinetic approach. In Sec. V, we present our results and compare them to existing hadronic photo-emission rates. We conclude in Sec. VI.
II. THERMAL PHOTON EMISSION RATES
The thermal photon production rate can be written as [33] 
where q 0 and | q | are the photon's energy and threemomentum magnitude, respectively, and f is the thermal Bose-Einstein distribution function. Employing the vector meson dominance (VMD) model [34] , the 3D-transverse part of the EM current-current correlator, Π T em , is proportional to the in-medium vector meson spectral function (dominated by the ρ meson) via
with a dressed ρ propagator
where m
ρ is the bare ρ mass and Σ T ρ is the in-medium ρ self-energy. In the VMD model, the thermal photon emission calculation thus amounts to calculating the ρ meson self-energy, usually done using TFT.
Alternatively, calculations of thermal photon emission can be done using KT. In Ref. [35] , it was shown that the imaginary parts of self-energies can be expressed as vacuum scattering amplitudes (i.e. using zero-width external particles) folded with appropriate thermal statistical weightings and integrated over the pertinent phase space. In this framework, the thermal photon emission rate is expressed in terms of a 1 + 2 → 3 + γ scattering process given by
where N is the combined spin and isospin degeneracy of the incoming particles and |M| 2 is the initial-state spinand isospin-averaged scattering amplitude of the process under consideration. The microscopic ingredients to the photo-emission rates using the above frameworks are the ρ self-energy (for TFT) and photon-producing scattering amplitudes (for KT). Both quantities can be derived on the same footing from an underlying interaction Lagrangian. We start with a Lagrangian for free π and ρ fields,
with the usual definition of the ρ field strength tensor as
Interactions between the π and ρ mesons are generated by minimally coupling derivative terms of the π and ρ fields to a ρ gauge field [36] ,
where T is the isospin-1 operator with components of (T a ) bc = −iǫ abc [37] and g ρ is the ρππ coupling constant. Introducing the above covariant derivatives into the freefield Lagrangian results in ρππ and ρρρ interactions of
Interactions with the isosinglet vector ω field are included via a Wess-Zumino term [29, 30] ,
Applying the gauging procedure of Eq. (7) to the WessZumino term generates a contact term
Interactions with photons are introduced through VMD. We neglect the coupling of the ω field to the electromagnetic current, as the ωγ coupling is suppressed by a factor of ≈3-4 relative to the ργ coupling [34] . Following Ref. [31] , we parametrize the ργ coupling with C ρ ,
where A µ is the photon field and ρ 0 µ is the neutral ρ field. For a realistic description of interaction processes, we also need to account for the finite size of the mesons, which we do in the standard way by introducing previously determined dipole hadronic form factors at each vertex [31, 32] . For s-channel decay processes, we employ at each vertex the form
where
is the center-of-mass momentum of each hadronic decay particle, i=2,3, Λ is an hadronic cut-off parameter (taken to be 1 GeV in the present work), and m R is the mass of the resonant (or decay) particle. For t-channel scattering processes, we employ at each vertex the form
with t = (p 1 − p 3 ) 2 for incoming (p 1 ) and outgoing (p 3 ) 4-momenta (and likewise for u-channel processes).
Save for s-channel decay processes or those processes with individually gauge-invariant vertices, the above implementation of form factors renders it a rather involved task to maintain gauge invariance, especially for scattering processes where multiple diagrams contribute [38] . Therefore, we follow the simplified prescription of Ref. [31] by introducing an overall factorized form factor squared for each scattering matrix element with an appropriately defined average momentum transfer. This is done by identifying the dominant diagram in the interaction process, i.e., the diagram with the largest contribution to the high-energy photo-emission rate of a given process (at low energies the form factor effects are small). Typically, this will be a t-channel exchange diagram with the lightest exchange particle (e.g., pion exchange in πρ → γπ), since s-channel processes are suppressed by propagators of the form (s − m 2 R ) −1 . The average momentum transfer, t, is evaluated from
(and likewise if a u-channel process dominates), and is a function of only the photon energy and exchange-particle mass in the dominant diagram. This enables us to factorize the form factor from the total amplitude,
and thus retain the gauge invariance in the amplitude, M point , which is evaluated for point-like vertices. The coupling constants g ρ and g πρω are evaluated using data from ρ → ππ and ω → π 0 γ decays. In principle, the couplings C ρ and g ρ are related via VMD, such that C ρ = e/g ρ . However, for our Born diagrams, where we are using zero-width ρ mesons, we will instead use experimental data from the ρ → e + e − decay to evaluate C ρ .
Using the s-channel form factor of Eq. (13), the decay rate becomes
where m 1 is mass of the decaying particle and |M| 2 is the initial-state averaged and final-state summed matrix element of the associated decay process. Using Particle Data Group [39] values for Γ ρ→ππ = 149.1 MeV, Γ ω→π 0 γ = 0.703 MeV, and Γ ρ→e + e − = 7.04 keV, and a form factor cutoff of Λ = 1 GeV, we find coupling constants of g ρ = 5.98, g πρω = 21.6 GeV −1 * , and C ρ = 0.0611.
Having established all necessary interaction vertices, including form factor effects and the quantitative evaluation of all coupling constants, we now proceed to the photo-emission rate calculations.
III. KINETIC THEORY
Within the framework of relativistic KT, thermal photon emission from the πρω system with external ω particles arises from three 2→2 scattering processes: πρ → γω, πω → γρ, and ρω → γπ. Each of the three processes is composed of s-, t-, u-channel diagrams and a contact (c) term to ensure gauge invariance. The diagrams comprising each process in the πρω system are shown in Fig. 1 .
The evaluation of photo-emission rates using Eq. (4) requires the coherent sum of the four amplitudes of each diagram;
We calculate the amplitudes by applying Feynman rules to the diagrams shown in Fig. 1 and using the Lagrangian interactions and form factor procedure detailed in Sec. II. The explicit expressions for the matrix elements are given in Appendix A. Straightforward calculations of rates for the πρω system using KT can be done for the πρ → γω and ρω → γπ processes, while the πω → γρ process reveals a subtlety. In the u-channel diagram, Fig. 1(d) , the exchanged pion can go on-shell, such that
π . This induces a non-integrable singularity in the phase space of the rate calculation using Eq. (4). This pion pole configuration corresponds to the ω → π 0 γ radiative decay, which, in fact, has already been included in previous photo-emission calculations [31, 32] . Therefore we must eliminate this contribution from our results to avoid double-counting of the radiative ω decay. This is facilitated by the structure of the Wess-Zumino term, Eq. (10), which renders a diagram individually gaugeinvariant when an outgoing ρ meson is converted to a photon. This feature allows us to separate the u-channel from the other three diagrams in the πω → γρ process while maintaining gauge invariance. Naïvely, we can avoid the ω decay by excluding timelike pion configurations with u > 0 from the integration range in Eq. (4), but a priori this is not a rigorous justification for this choice. To scrutinize this prescription to avoid doublecounting of the ω decay, we turn to TFT where such an ambiguity does not occur.
IV. THERMAL FIELD THEORY
Thermal field theory provides a rigorous framework for the calculation of photo-emission rates. As discussed above, within the VMD model the relevant quantity is the ρ meson self-energy; recall Eqs. (1) and (2) . Each process and channel considered in the KT calculation has a corresponding ρ self-energy diagram associated with it.
For our analysis, the relevant self-energy diagrams are depicted in Fig. 2 , which encompass the u-channel diagrams of the ρω → γπ and πω → γρ processes. The latter is the diagram which involves the divergence and double counting of the ω → π 0 γ decay, while the former will be considered to benchmark the equivalence between the two methods. For both cases, we can separate the uchannel from the other channels and make a meaningful comparison because each diagram is gauge-invariant on its own due to the πρω photo-emission vertex. The two diagrams in Fig. 2 have similar structures differing only by the implementation of the π self-energy in the inner loop. Using standard Feynman rules within the Matsubara formalism [40] , the (transverse part of the) ρ self-energy encompassing both diagrams can expressed as
where v πρω represents the πρω vertex, p is the threemomentum of the ω meson, and D ω,π are the propagators of the ω and π mesons. When evaluating Σ T ρ at the photon point, the transverse projection operator, P µν T , can be replaced by the (negative) metric tensor −g µν , as they are equivalent for a gauge invariant self-energy.
We will focus on calculating the imaginary part of the ρ self-energy, since the real part is small compared to the ρ mass and thereby does not significantly contribute to the rates. First, each propagator is expressed in terms of a dispersion relation;
The ω is considered a zero-width particle corresponding to being an external particle in the KT calculation. Using
evaluating the Matsubara sum in Eq. (19) , and taking the ρ self-energy to the photon point, q 0 = | q |, yields
where M πm is the pertinent forward scattering amplitude. Here we consider thermal mesons m = π, ρ, with either ππ scattering through an s-channel ρ resonance, or πρ scattering through an s-channel π resonance. As indicated by the arrows in the diagrams of Fig. 2 , taking the imaginary part of each ρ self-energy yields the corresponding u-channel Born diagram. The π self-energy Σ ππ generates the ρω → γπ process, and the π self-energy Σ πρ generates the πω → γρ process.
In the following two subsections we will analyze these two processes in more detail. In Sec. IV A, we use the ρω → γπ process as a benchmark to establish the equivalence of the photo-emission rates calculated using TFT to 2-loop order with KT using Born amplitudes. In Sec. IV B, we then use the TFT calculation to identify a selection criterion that allows us to eliminate doublecounting with the ω radiative decay.
A. ρω → γπ u-channel
While the u-channel diagram of the ρω → γπ process is structurally similar to that of πω → γρ process, the key difference is that in the former the exchanged π cannot go on shell. This enables straightforward calculations for this process using both KT and TFT. The pertinent imaginary part of the ρ self-energy has two major contributions indicated by the two terms in braces in Eq. (22) and schematically shown in Fig. 3 . These two contributions, commonly referred to as the Landau and unitarity cuts (representing ρπ → ω scattering and ρ → πω decay processes for the left-hand-side vertex), can be interpreted based on the direction of energy flow of the virtual pion. For the right-hand-side vertex, the unitarity cut is associated with a pion energy flow oriented into the πρω vertex, as shown in Fig. 3(a) , and is associated with E ω < q 0 . This cut corresponds to first term of Eq. (22) . The Landau cut is associated with a pion energy flow oriented out of the πρω vertex, shown in Fig. 3(b) , and corresponds to the second term of Eq. (22), or E ω > q 0 .
We have calculated the pertinent imaginary parts of the ρ self-energy given by Fig. 3 and inserted them into Eq. (1) † to obtain the corresponding photo-emission rates; the results for a temperature of T = 150 MeV are shown in Fig. 4 and compared to the KT calculation (both without form factors). We find very good agreement between the sum of the Landau and unitarity cuts in TFT and the KT Born amplitude calculation, thus confirming the equivalence of the two methods. In addition, we have verified that the Landau (unitarity) cut contribution in the TFT calculation can be directly mapped to a calculation in KT where the phase space integral is restricted to the energy of the exchanged pion flowing out of (in to) the πρω vertex (E ω > or < q 0 , respectively). The identification of the mapping between Landau and unitarity cuts and KT for this process (ρω → γπ) is facilitated by the fact that the u-channel Born diagram does not develop any on-shell singularities (contrary to the πω → γρ process discussed below). Figure 3(b) shows that the Landau cut gives rise to a Born diagram featuring a ω → πγ radiative decay topology. However, the emitted π is necessarily spacelike as it is absorbed by an on-shell ρ turning into an on-shell pion. Likewise, in the Born diagram generated from the unitarity cut an on-shell ω absorbs a π turning into a massless photon, requiring a spacelike π. Similar consid- † As in the KT calculations, we use Cρ as the EM ργ coupling in Eq. (1) instead of the VMD value of e/g.
FIG. 4:
Results from photo-emission calculation of ρω → γπ via the u-channel diagram at T = 150 MeV. The solid line is the result using KT over the full kinematic range of the exchanged pion, the dashed line is from TFT via the unitarity cut of Fig. 3 , and the dot-dashed is from the Landau cut of Fig. 3 . The sum of the unitarity and Landau cuts is plotted but cannot be seen as it coincides with the solid curve.
erations for the unitarity and Landau cuts will be used in the following section to separate out on-shell ω decays in the πω → γρ process. The TFT calculation affords us with yet another benefit, namely to evaluate the effects of a finite width on the ρ mesons which appear as external particles in the Born calculations within kinetic theory. This effect has been studied previously within the latter framework and found to be negligible [41] . Within TFT we can render this check more rigorous by including a finite width for the ρ meson in the integral for the πρ loop in Fig. 3(a) . We found variations of order 10% or less of the photoemission rates, corroborating the results of Ref. [41] .
B. πω → γρ u-channel
We now utilize TFT to calculate the photo-emission rate given by the ρ self-energy in Fig. 2(b) where the inner loop is a pion self-energy induced by an interaction with a thermal ρ meson forming a π, i.e., Σ πρ from Eq. (23) . Unlike its KT counterpart, this calculation is well defined, without any divergences associated with, e.g., a pion pole.
Again, as illustrated in Fig. 5 , the ρ self-energy can be separated into unitarity and Landau cuts. However, in this process the exchanged π in the Landau cut can go onshell. When this occurs the Landau cut corresponds to the radiative ω decay of ω → π 0 γ. This contribution has already been included in previous calculations of thermal photo-emission rates [32] , and does not constitute a new hadronic source from the πρω system.
We now use the distinction between the Landau and unitarity cuts provided by TFT as a selection criterion for what to include in our rates. We will drop the contri- bution from the Landau cut altogether, corresponding to the exchange of timelike pions, to preclude any doublecounting with the radiative ω decay. The remaining contribution from the unitarity cut calculated with TFT is found to agree with KT when the integration over phase space is restricted to pion energies such that q 0 > E ω . In principle, this is a conservative choice since it excludes not only all timelike pions but also spacelike ones with positive energy. In practice, this difference appears to be negligible.
V. THERMAL PHOTON RATES FROM πρω INTERACTIONS
Before coming to our final results, let us briefly elaborate on the concrete implementation of form factors for the processes at hand. The πω → γρ process is dom- inated by the t-and u-channel pion exchanges. Since the t-and u-channel form factors have the same structure, their factorized average form factor is identical and is thus applied as overall form factor to all diagrams in this process. In the πρ → γω system, the pion t-channel exchange is expected to prevail over the u-channel, which is suppressed by the ρ mass in the propagator. Therefore the pertinent factorized average t-channel form factor is employed. Before implementation of form factors, the ρω → γπ process has two approximately equal con-tributions: the u-channel and the combined contact, s-, and t-channel terms ("stc" for brevity), cf. Fig. 6 . Note that both u and the stc diagrams are individually gauge invariant which affords us the possibility to treat these two contributions separately. As discussed in Sec. II, the suppression generated by the averaged factorized form factors is driven by the mass of the exchanged particle. The u-channel diagram involves an exchanged π whose associated form factor generates a suppression of up to a factor 4.5 at q 0 = 3.0 GeV. On the other hand, the stc term is dominated by t-channel ρ exchange at high energies, whose associated average form factor generates a suppression of up to a factor 30 at q 0 = 3.0 GeV. Clearly, the choice of either from factor would not be an accurate procedure. However, due to the separate gauge invariance of the u and stc terms, we can apply an average π exchange form factor (F π ) to the u-channel, an average ρ exchange form factor (F ρ ) to the stc term, and a combination of the two form factors to the interference term (which is also gauge invariant), schematically given by
The net effect of this implementation for the ρω → γπ process is that the total rate is suppressed by a somewhat larger magnitude than the other two processes, but still less suppressed than if we had used an overall t-channel ρ-exchange form factor. The quantitative effects of the form factors are illustrated in Fig. 7 for each of the three processes at a temperature of T = 150 MeV. One may wonder how variations in the form factor cutoff affect the emission rates. The cutoff parameter of Λ πρω = 1 GeV (as used throughout this work) has been fixed together with the πρω coupling constant in Ref. [32] , to reproduce the radiative and hadronic ω decays. However, a somewhat smaller cutoff, say, Λ πρω = 0.8 GeV, still gives agreement with those data once the coupling constant is increased accordingly. We have verified that using the latter set of parameters leads to an insignificant change of our photon emission rates over the relevant range of photon energies of up to ≈5 GeV.
Our final photo-emission rates for the three processes from the πρω system (including form factors) are summarized in Fig. 8 for three different temperatures of 120, 150, and 180 MeV. In the phenomenologically important regime of photon energies around ≈1 GeV all three channels are of comparable magnitude. The ρω → γπ channel falls off significantly below that, but becomes the dominant photon source at energies above 1.2-1.5 GeV for all temperatures. The relative spectral strengths of the three channels are rather stable with temperature; only the πρ → γω rate increases slightly relative to the other two at higher energies. We provide parametrizations of the final rates in Appendix B. While the applicability of the present methods of thermal photon calculations is questionable at temperatures close to the pseudo-critical transition temperature, we include parametrizations up to T = 180 MeV for usage in a variety of thermal evolution models which may have the phase transition implemented at different temperatures.
At last, we compare the total rate from the newly calculated processes with existing literature, specifically, the ω t-channel exchange in πρ → γπ as calculated in Ref. [31] (Fig. 9 ) and ππ Bremsstrahlung from Refs. [42, 43] (Fig. 10) . The former process involves the same vertices as considered in the present work but with the ω as an exchange particle rather than an external one; the pertinent rate was found to be a significant source of thermal photons for energies q 0 ≥ 1.5 GeV relative to other known sources in hot and dense hadronic matter [31, 43] . Prior to the inclusion of form factors, the sum of the newly calculated rates is smaller than the ω t-channel exchange in the πρ → γπ process by a factor of ca. 4-8 for q 0 > 1 GeV. In the realistic case with form factors, however, the two rates are rather close in the phenomenologically most relevant range of q 0 < 2 GeV. In practice, in URHICs at RHIC and LHC energies, this approximately translates into lab-momenta of q t < 4 GeV due to blue-shift effects of the exploding fireball [44] . In Refs. [42, 43] , ππ Bremsstrahlung was found to be appreciable for photon energies of less than 1 GeV, even exceeding the contribution from in-medium ρ mesons with baryonic sources [45, 46] at the lowest photon energies. Fig. 10 shows that the rates from the πρω system are comparable to the Bremsstrahlung rates for photon energies between 0.5 and 1 GeV, which suggests that the contribution of this new photon source is significant relative to existing thermal photon rate calculations.
In addition, below the chemical freezeout temperature of T ch ≃ 160 in URHICs, effective meson chemical potentials build up, in particular for pions, which further augment two of the three newly calculated rates. The πω → γρ and ρω → γπ processes will pick up pion fugacity factors z π = exp(µ π /T ) to the 4 th and 5 th powers, respectively, compared to the 3 rd power for πρ → γπ processes. With this enhancement from pion fugacities, the thermal photon emission processes calculated could provide a non-negligible contribution to the direct-photon spectra in URHICs [26] .
In our current study, we have focused on the πρω system due to its known large coupling constant and the relatively small masses of these hadrons. Decay contributions of higher resonances as intermediate particles in hadron-ρ scattering processes have been considered in Ref. [32] and found to give subleading contributions at the photon point (cf. Fig. 1 in that reference) . The question remains whether the scattering of higher-mass states can give significant contributions. As an example, let us consider the a 1 as an external particle. This is the next higher-mass particle with a known large coupling to πρ and πγ, and closely resembles the πρω system in the pertinent photon-emitting processes. Inspection of Fig. 1 of Ref. [32] reveals that the a 1 contribution to the ρ selfenergy is down by about an order of magnitude compared to the ω at the photon point. This factor can be readily FIG. 10 : Total rates at T = 150 MeV from the πρω system (solid black line) compared to the ππ Bremsstrahlung rate (dashed black line) [42, 43] and the πρ → γπ ω t-channel rate (red line).
understood by realizing that the πρω coupling is a factor 2 larger than the πρa 1 coupling, and that the thermal a 1 density is suppressed by more than a factor of 3 at temperatures of T = 150 MeV.
VI. CONCLUSIONS
In this work, we have calculated the photo-emission rates from the tree-level scattering processes πρ → γω, πω → γρ, and ρω → γπ using relativistic kinetic theory. Complementary calculations were performed using thermal field theory for the u-channel diagrams of two of the processes. This allowed us to (a) explicitly establish consistency between the two methods (as well as exert quality control of the results) and (b) identify a criterion by which to exclude singular contributions from the exchange of on-shell pions in πω → γρ and thus avoid double-counting with the ω radiative decay. After the inclusion of hadronic vertex form factors, which suppress the rates at high energies, our total rate resulting from all three processes turns out to be comparable to the ω t-channel rates in the πρ → γπ process [31] and to ππ Bremsstrahlung [42] . Our results thus provide an enhancement of existing rate calculations in the direction of what has been conjectured in Ref. [26] ; we anticipate that thermal emission from πρω interactions will give a sizable contribution to direct-photon spectra in heavy-ion collisions. The precise extent to which the new thermal photon sources may help to reduce discrepancies with experimental spectra and elliptic flow will require their implementation into evolution models for the fireball in heavy-ion collisions. Work in this direction is in progress.
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